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VOLTAGE TUNABLE LAMINATED DIELECTRIC MATERIALS FOR 
MICROWAVE APPLICATIONS 

CROSS RE FERENCE TO RFT ATFn P ATENT APPTJCATION 
This application is a dSK^isional application of United States Patent Application 
No. 09/419,047, filed October 15. 19^which claims the benefit of United States Provisional 
Application 60/104,503, filed October^, 1998. 

BACKGROUND OF INVENTTON 
The present invention relates generally to electronic materials for microwave 
applications, and more particularly to such materials including ferroelectric materials having 
a tunable dielectric constant. 

Tunable ferroelectric materials are the materials whose permittivity (more 
commonly called dielectric constant) can be varied by varying the strength of an electric field 
to which the materials are subjected or immersed. Even though these materials work in their 
paraelectric phase above Curie temperature, they are conveniently called "ferroelectric" 
because they exhibit spontaneous polarization at temperatures below the Curie temperature. 
Typical tunable ferroelectric materials are barium-strontium titanate (BST) or BST 
composites. Examples of such materials can be found in United States Patents No. 5,312,790, 
5,427,988, 5,486,491 and 5,643,429. These materials, especially BSTO-MgO composites, 
show low dielectric loss and high tunability. Tunability is defined as the fractional change in 
the dielectric constant with applied voltage. These unique properties make these materials 
suitable for microwave applications such as phase shifter, tunable filters, tunable resonators, 
and delay lines. 

United States Patent No. 5,830,591 discloses a multi-layer ferroelectric 
composite waveguide in which the effective dielectric constant of the waveguide can be 
reduced while maintaining tunability. The waveguide is constructed of high and low 
dielectric constant layers. The multi-layer waveguide is comprised of bias plates that are 
perpendicular to the laminate direction to maintain tunability in the structure. The structure 
disclosed in United States Patent No. 5,830,591 is only suitable for waveguide applications. 
Since high dielectric fields, for example about 10 V/^im, are necessary to tune tunable 
material, especially in waveguide applications, the distance between bias electrodes should be 
kept small. With the bias plate arrangement of United States Patent No. 5,830,591, multiple 
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layers would be needed along the direction of that bias plates as well as in the direction of the 
laminated dielectric material stack. This makes fabrication of such devices complex. 

United States Patent No. 5,729,239 discloses a device for scanning in a 
scanning plane that includes a periodic array of conductive plates disposed along the 
scanning axis, adjacent plates being disposed about half a wavelength apart. The device has a 
periodic array of slabs disposed along the scanning axis, each slab comprising ferroelectric 
material, being disposed between a pair of adjacent conductive plates of the periodic array of 
conductive plates, with adjacent slabs being separated by one of the conductive plates. Each 
of the slabs has a receiving face and a radiating face substantially parallel to each other. Each 
of the slabs transmits an electromagnetic signal from the receiving face to the radiating face. 
^ Input transmission means feed an input electromagnetic signal to the periodic array of slabs 

g in a propagation direction so that the input electromagnetic signal is incident on the receiving 

faces of each of the slabs and so that the electrical component of the input electromagnetic 
signal received at each receiving face has a component parallel to the scanning axis. Output 
15 transmission means transmit an output signal from the periodic array of slabs responsive to 
the electromagnetic signal transmitted from each receiving face in the corresponding slab. 
r| '^^^•^^ includes a plurality of means for selectively applying a voltage across each of 

the pairs of conductive plates disposed about a slab so as to selectively control the phase of 
the electromagnetic signal received at each of the radiating faces having been transmitted 
20 from the receiving face in the corresponding slab. 

Patent No. 5,729,239 discloses the use of barium strontium titanate (BSTO), 
or composites thereof, or other ceramics as the ferroelectric material. BSTO-MgO has also 
been proposed by others for use as a tunable ferroelectric material. However, the materials in 
the BSTO-MgO system generally have dielectric constants of over 100. The high dielectric 
constant is not suitable for some microwave appUcations such as patch antennas, which lower 
the antennas' efficiencies. High dielectric constant materials also cause low characteristic 
impedance (< 10 Q) in microstrip, coplanar, and other planar structure transmission lines, 
which strongly Hmits the appMcation of high dielectric constant materials. Low dielectric 
constant materials (for example, with dielectric constants less than 40) with low loss and high 
30 tunability are desired for patch antennas and other microwave applications. 

It would be desirable to construct a ferroelectric structure having a relatively 
low overall dielectric constant that takes advantage of the high tunability and low loss 
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characteristics of materials such as BST composites, having high dielectric constants. It is 
further desired to construct such structures for use in various microwave devices such as 
microstrips, coplanar or other planar microwave transmission lines, coaxial cable, or 
waveguides. 

SUMMARY OF THE INVENTION 

This invention provides a\ tunable dielectric structure including a first layer of 
dielectric material, and a second layer ofi dielectric material positioned adjacent to the first 
layer of dielectric material, with the secokl layer of dielectric material having a dielectric 
constant that is less than the dielectric constant of the first layer of dielectric material. The 
structure further includes electrodes for apMying a controllable voltage across the first 
dielectric material, thereby controlling a didmric constant of the first dielectric material, 
wherein at least one of the electrodes is po^iti^^ between the first and second layers of 
dielectric material. \ 

The dielectric materials can be formed in various shapes and assembled in 
various orientations with respect to each other. Laminated structures of such dielectric 
materials can serve as substrates for microstrips, Voplanar or other planar microwave 
transmission lines, as well as dielectric media for coaxi^ cable or waveguides. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A full understanding of the invention can be gained from the following 
description of the preferred embodiments when read in conjunction with the accompanying 
drawings in which: 

FIG. 1 is isometric view of a dielectric structure of the laminated material 
constructed in accordance with a preferred embodiment of the invention; 

FIG. 2 is schematic representation of a laminated structure in accordance with 

the invention; 

FIG. 3 is a schematic of the equivalent electric circuit of a laminated structure 
in accordance with the invention; 

FIG. 4 is an end view of a coaxial line that includes a dielectric structure of the 
laminated material constructed in accordance with the invention; 

FIG. 5 is a cross sectional view of the structure of FIG. 4, taken along line 5-5; 

FIG. 6 is an end view of another alternative embodiment of the invention for 
antenna applications; 
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FIG. 7 is a cross sectional view of the structure of FIG. 6, taken along line 7-7; 
FIG. 8 is isometric view of a microstrip line that includes a dielectric structure 
of the laminated material constructed in accordance with the invention; 

FIG. 9 is isometric view of a coplanar line that includes a dielectric structure 
5 of the laminated material constructed in accordance with the invention; and 

FIG. 10 is an isometric view of a waveguide that includes a dielectric structure: 
of laminated material constructed in accordance with the invention. 

DRTATT FD DESCRIPTION OF THE INVENTTON 
Referring to the drawings, FIG. 1 is an isometric view of an electronic device 
10 having a dielectric structure of laminated materials constructed in accordance with a preferred 
embodiment of the invention. The tunable dielectric device 10 comprises a multilayered 
structure of dielectric materials 12, 14, 16, 18 including two or more materials having 
different dielectric constants, and being laminated together to tailor the overall dielectric 
constant and tunability. One or more materials (e.g. 12 and 16) in the laminated structure are 
H 15 tunable dielectric materials usually with a high dielectric constant, low losses, and high 
tunability. For the purposes of this description, a high dielectric constant is greater than 
g about 100, low loss materials have loss tangents (tan 5) of less than about 0.01, and tunability 

O of greater than about 15% at 2 V/nm. The high dielectric constant, low loss and high 

Q tunability materials may be Bai-xSrxTiOs (BSTO), where x can vary between zero and one, 

fU 

20 and composites thereof that exhibit such low losses and high tunability. Examples of such 
composites include, but are not limited to: BSTO-MgO, BSTO-MgAl204, BSTO-CaTiOa, 
BSTO-MgTiOs, BSTO-MgSrZiTiOe, or any combination thereof. The other materials (e.g. 
14 and 18) in the laminated structure may be tunable or non-tunable dielectric materials such 
as Bai_xSrxTi03-based materials, alumina. Mica, and air. Since air is the lowest dielectric 

25 material and the lowest loss material, it is particularly useful for certain applications. If air is 
used as the non-tunable dielectric in the structures of this invention, the tunable materials 
would be mounted with air gaps between tunable layers. The resultant overall dielectric 
constant, tunability and other properties of the laminated material is dependent on the relative 
properties and thickness of each of the layered materials. Therefore, these properties can be 

30 tailored by varying the number of layers of dielectric materials with certain dielectric 
constant characteristics, and varying the thickness of the layers. 
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The laminate material of the present invention appears as a uniform material to 
a radio frequency signal that is applied to the structure. While the structures of the invention 
are not limited to any particular dimensions, the thickness of the layers should be such that 
this apparent uniformity is achieved. In the preferred embodiments, that thickness of the 
5 dielectric layers is smaller than one-tenth of the wavelength of the radio frequency signal to 
be used with the device. 

In the embodiment of HG. 1, each of the dielectric materials is in the form of a 
rectangular slab. Each slab has an input end 20 for receiving a radio frequency signal (RFin) and 
an output end 22 for deUvering the signal (RFqut). In general, the laminated structure of FIG. 1 
10 can serve as a tunable dielectric media for microwave transmission. The means for inputting 
^ and outputting a radio frequency signal from the structure will depend upon the application in 

g which it is used. Electrodes 24, 26, 28, 30 and 32, in the form of sheets of conductive material 

P 

^ are located at each end of the stack and between each of the tunable dielectric materials. The 
^ electrodes are positioned adjacent to opposite faces of at least each slab that is comprised of 
Hl5 tunable ferroelectric material. With this structure, at least some of the electrodes are 
. positioned within the laminate stack and lie in planes parallel to the direction of propagation 
of the RF signal and parallel to opposite faces of the slabs of tunable material. For those 
dielectric material slabs that have a voltage controlled dielectric constant, a controllable DC 
voltage source 34 is electrically connected to the electrodes on opposite sides of the slab. In 
il^O FIG. 1, only one controllable DC voltage source is shown, but it must be understood that 
additional voltage sources may be used to control the dielectric constant of the several slabs, 
or the same DC voltage source may be connected to multiple slabs of dielectric material. In 
the preferred embodiments, layers of the same tunable dielectric material would be subject to 
the same bias voltage. In addition, the polarity of the applied voltage can be changed without 
25 affecting performance of the device. A coordinate system is illustrated in FIG. 1 such that the 
slabs lie in planes parallel to the y-z plane, and are stacked in the x direction. The radio 
frequency signal propagates in the y direction through the device. 

FIG. 2 is a schematic representation of a laminated structure in accordance with 
the invention. In the embodiment depicted in FIG. 2, a plurality of slabs 36, 38, 40 and 42 of 
30 dielectric material are shown to have dielectric constants of el, 82, e3, through en, and thickness 
tl, t2, t3, through tn, respectively. FIG. 2 shows a structure that includes two assemblies 44 and 
46, each having the same arrangement of dielectric materials. A plurality of electrodes, for 
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example 48, 50 and 52 are positioned between the dielectric slabs and are connected to one or 
more controllable DC voltage sources. In FIG. 2, one controllable voltage source 54 is shown 
for clarity. However, as discussed above multiple sources, and/or multiple connections to a 
single source may be used in operational devices. This figure illustrates that a complete device 
can be comprised of multiple subassemblies, each having the same or a similar arrangement of 
dielectric materials. Coordinates x, y and z in FIG. 2 correspond to coordinates x, y and z in 
HG. 1. 

FIG. 3 is a schematic of the equivalent electric circuit of a laminated structure 
in accordance with the invention. In FIG. 3, at least selected ones of the various values of 
capacitance Ci, C2, C3, through Cn, can be changed by varying the control voltages applied to 
the dielectric slabs that contain tunable ferroelectric material. The overall capacitance of the 
laminated structure is the sum of the capacitance of the individual slabs. 

FIG. 4 is an end view of an alternative embodiment of the invention for 
tunable coaxial cable applications in which the dielectric material is arranged in concentric 
cylinders 56, 58, 60, and 62. Here again, some of the layers of dielectric material can be 
tunable material having relatively high dielectric constants, low losses and high tunability, 
while the other layers can be tunable or non-tunable material. Concentric cylindrical 
electrodes 64, 66, 68 and 70 are positioned between the dielectric materials so that a bias 
voltage can be applied to the control the dielectric constants of the dielectric cylinders that 
contain tunable ferroelectric material. A metallic center conductor 72, and a cylindrical 
metallic ground 74 are provided to carry the RF signal through the cable. 

FIG. 5 is a cross sectional view of the stmcture of FIG. 4, taken along line 5-5. 
One of the controllable DC voltage sources is shown to be connected to electrodes 68 and 70. 
Additional controllable voltage sources (not shown) would be used for applying bias voltages to 
other electrodes that lie adjacent to the intemal and external surfaces of the tunable layers. The 
direction of propagation of a radio frequency signal through the structure is illustrated by arrow 
76. The cylindrical electrodes are positioned around an axis that lies parallel to the direction of 
propagation of the radio frequency signal through the device. In FIG. 5, items 56, 58, 60, 62, 64, 
72 and 74 identify that same structures as identified by those item numbers in HG. 4. 

FIG. 6 is an end view of another embodiment of the invention in the form of a 
tunable cavity antenna that includes a plurality of rectangular slabs of dielectric material, a 
representative sample of which are numbered as items 82, 84, 86 and 88. Each of the slabs has a 
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pair of electrodes, as illustrated by items 90 and 92, on opposite sides thereof for the application 
of a bias voltage. As shown in the figure, the slabs are arranged such that certain slabs lie in 
planes that are perpendicular to the planes occupied by certain other slabs. This invention 
provides a tunable cavity for a cavity antenna by placing a laminated, tunable material, with a 
5 specific dielectric constant, into the cavity. The open spaces in the cavity of HG. 6 can be filled 
with air or a non-tunable dielectric material. 

FIG. 7 is a cross sectional view of the structure of FIG. 6, taken along line 7-7. In 
FIG. 7, items 82, 84, 86, 88, 90 and 92 identify the same structures as identified by those item 
numbers in FIG. 6. A controllable voltage source 94 is shown to supply a controllable bias 
10 voltage to electrodes 90 and 92, thereby controlling the dielectric constant of the dielectric 
^ material 82. While only one controllable voltage source is shown, it will be appreciated by 
g those skilled in the art that additional controllable voltage sources, or alternative connects to a 
g single source, would be used to practice the invention. Arrow 96 illustrates the direction of 

propagation of a radio frequency signal through the device. In the structure of FIGs. 6 and 7, 
15 selected ones of the dielectric slabs can contain material having a relatively high dielectric 
constant, low losses, and high tunability. The other slabs of dielectric material can be tunable 
or non-tunable materials. 

O FIG. 8 is an isometric view of a microstrip line that includes a dielectric 

p structure of the laminated material constructed in accordance with the invention In this 

20 embodiment, a laminated structure 10' similar to that of FIG. 1 is constructed of a plurality of 
slabs of dielectric material, as illustrated by items 98, 100, 102 and 104. Here again, 
electrodes are positioned on opposite sides of the slabs, as illustrated by electrodes 106, 108, 
110, and 112. The laminated structure 10' is mounted on a ground plane 114 such that the 
slabs are positioned generally perpendicular to the ground plane. A microstrip 116 is 
25 mounted on a side of the laminated structure opposite the ground plane. 

FIG. 9 is an isometric view of a coplanar line that includes a dielectric 
structure of the laminated material constructed in accordance with the invention. In this 
embodiment, a laminated structure 10" similar to that of FIG. 1 is constructed of a plurality 
of slabs of dielectric material, as illustrated by items 118, 120, 122, and 124. Here again, 
30 electrodes are positioned on opposite sides of the slabs, as illustrated by electrodes 126, 128, 
130, and 132. A center strip 134 and two ground planes 136 and 138 are mounted on one side 
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of the laminated structure. The ground planes are positioned on opposite sides of the center 
strip. The RF signal is transmitted through the center strip and the adjacent ground planes. 

FIG. 10 is an isometric view of a waveguide that includes a dielectric structure 
of laminated materials constructed in accordance with the invention. In this embodiment, a 
5 laminated structure 10"' similar to that of FIG. 1 is constructed of a plurality of slabs of 
dielectric material, as illustrated by 140, 142, 144, and 146. Here again, the electrodes are 
positioned on opposite sides of the tunable slabs, as illustrated by electrodes 148, 150, 152 
and 154. The laminated material is filled into the waveguide 156 in a manner similar to that 
used for known dielectric loaded waveguides. The RF signal is then input and output in 
10 accordance with known techniques. 

The laminated dielectric material structure of the present invention can 
g provide certain overall dielectric constant(s) and tunability by laminating high dielectric 
^ constant, high tunability material(s) with low dielectric constant tunable or non-tunable 
\f\ material(s) without substantial lowering of their tunability, or degradation of dielectric loss. 
1^ purposes of this invention, high dielectric materials have a dielectric constant greater 

^ than about 100, and low dielectric materials have a dielectric constant lower than about 30. 
fll FIG. 1 illustrates the concept of the present invention, which consists of n (n> 

2) layers of different materials with dielectric constants en, and thickness tn- Since the 
equivalent circuit is that of parallel capacitors, the resultant dielectric constant ee of the 
20 laminated material is expressed as following: 

e:=t'i:€r> (1) (7'=Eo 

^^^^ 8e resultant dielectric constant of the laminated materials at no dc bias, ti is the 

25 thickness of the \th layer, T is the total thickness of the laminated materials, £^ is the 
dielectric constant of the ith layer at no dc bias. 



Under dc bias conditions: 
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where is the resultant dielectric constant of the laminated materials at a dc bias of field E, 

and is the dielectric constant of the ith layer at dc bias of field E. Then: 

=f (3) 
where bi is the tunability of ith material, which is defined as: 



5 h = — (4) 

5 Therefore, the tunability of the laminated material is: 

ru 

/=1 ^ 



1=1 ^ 



In the case of all layers having the same tunability but with different dielectric 
constants, equation (5) will be 

be'^h ' 1=1, 2, ".,n (6) 

Equation (6) indicates that the laminated material has the same tunability as the individual 
15 tunability of each layer. 

Now a two-layer case is considered. Layer 1 is a tunable material with high 
dielectric constant. Layer 2 is a non-tunable material with low dielectric constant. If ti = t2 
or ti is not much smaller than t2, we can get from equation (5) that 

be^-b, ' (7) 
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Equation (7) indicates the laminated material tunability is the same as the tunable 

layer. 

This invention provides a multi-layered structure of high dielectric constant, 
low loss, and high tunability materials laminated with low dielectric materials, which may be 
5 tunable or non-tunable. The invention is not limited only to obtaining low dielectric constant 
materials. Any dielectric constant bounded by the dielectric constants associated with the 
individual layers can be achieved with this method. 

The method of laminating different layers can be simply mechanical, co-firing, 
or thick film and/or thin film processing. In these methods, the properties of the individual 
10 layers should be the same as, or close to the properties of the corresponding layers in the final 
laminated structure. 

Accordingly, in the present invention, a laminated structure material can be 
realized by alternating two or more different dielectric constant materials using either 
physical or chemical processing. The dielectric constant can be tailored by choosing both 
fjI5 proper materials and layer thickness with httle or no loss of tunability or degradation of 
dielectric loss. 

An advantage of the present invention is that a certain overall dielectric 
g constants can be easily tailored by laminating high dielectric constant material(s) with low 
^ dielectric constant material(s). The resultant dielectric constant of the laminated material(s) 
can range from several to tens, even to hundreds if necessary, since the high dielectric 
material(s) may be Bai-xSrxTi03 (BSTO), where x can vary between zero and one, and 
BSTO composites, with dielectric constants that vary fix)m about 100 to thousands, and low 
dielectric constant material(s) such as air (e = 1), and/or other dielectric materials such as 
alumina (e = 9-10), Mica (e = 4.2), and Bai-xSrxTiOs-based materials. 

While the present invention has been disclosed in terms of its presently 
preferred embodiments, it will be understood by those in the art that various modifications of 
the disclosed embodiments can be made without departing from the spirit and scope of this 
invention, which is defined by the following claims. 
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